The structures and IR spectra of CF 3 OCH 3 , CF 3 OCF 2 H, and CF 3 OCF 2 CF 2 H and corresponding alkanes CF 3 CH 3 , CF 3 CF 2 H, and CF 3 CF 2 CF 2 H have been calculated using the B3LYP method with a 6-311G(2d,2p) basis set. The calculated IR spectra are consistent with, and provide additional confidence in, the available experimental data.
INTRODUCTION
The use of chlorofluorocarbons (CFCs) and Halons as refrigerant or heat transfer fluids leads to their emission into the atmosphere where they contribute to stratospheric ozone depletion [1, 2] . Over the past 10-20 years there has been an international effort to replace these compounds with environmentally acceptable alternatives. Hydrofluoroethers (HFEs) are one class of replacement compounds. These compounds do not contain chlorine or bromine and do not contribute to stratospheric ozone destruction [3] . Young et al. [3] have noted that the "atmospheric window" or range of infrared (IR) wavelengths that can easily escape the atmosphere is between 750 and 1250 cm -1 and that typical C-O and C-F vibrational stretching modes absorb in this range. The atmospheric lifetime of fluorinated ethers can be relatively long [3] with lifetimes increasing with the degree of fluorination [4, 5] allowing longer times for these compounds to absorb radiation and contribute to radiative forcing of climate change.
The Global Warming Potential (GWP) of a fluorinated ether thus depends on its radiative forcing value, which is a function of its infrared spectrum, and upon its atmospheric lifetime [6] [7] [8] . Computational studies have predicted the IR spectra of several fluorinated ethers and provided estimates of radiative forcings [7] [8] [9] [10] . Information on lifetimes has come from several recent kinetics experiments [4, [11] [12] [13] . Lifetime estimates may also be based on computational studies of thermodynamic properties [7, 14] .
The relationship between the molecular structure of fluorinated ethers and their ability to absorb radiation has been a subject of recent study. Recent work by Young et al. [5] has developed a quantitative relationship between molecular structure and radiative efficiency. Good and Francisco [7] studied the theoretical IR spectra of the compounds CHF 2 OCF 3 (E125), CHF 2 OCHF 2 (E134), and CH 3 OCF 3 (E143A) as determined by intensive ab initio *Address correspondence to this author at the University of Detroit Mercy, Detroit MI 48219-3038, USA; Tel: 313-993-1048; Fax: 313-993-1144; E-mail: stevenje@udmercy.edu electronic structure calculations; their observations indicated that absorption of IR within the "atmospheric window" would occur for the compounds they studied, and that further, increases in the degree of fluorine substitution increased the quantity of absorption within the window wavelengths.
The work of Francisco does not specifically address the impact of the inclusion of the O atom upon absorptions in the window-i.e., it does not consider spectrum of the ether in comparison to that of the analogous alkane (where "analogous" means the alkane that would be obtained by removing an oxygen atom from the ether formula). Fluorinated alkanes, or hydrofluorocarbons (HFCs), are believed to have even longer lifetimes than HFEs [9, [11] [12] [13] [14] . Though some concerns exist about their presence as pollutants in the troposphere [15] , HFCs are currently used as CFC replacements [7, 15] . It has been postulated that HFEs have a lower global warming potential than the HFCs they would replace [7] . Assessment of the relative global warming potential of HFCs and HFEs requires knowledge of atmospheric lifetimes and the infrared absorption characteristics of both.
In this work, we present for comparison the computed structures and IR spectra of several fluorinated ethers and their analogous alkanes in the gas phase. IR spectra are compared to experimental data; T.J. Wallington of Ford Motor Company has provided experimental IR absorption spectra of fluorinated ethers and analogous alkanes to our group. The collection of the experimental data is described and spectra for these compounds are presented in several recent publications [16] [17] [18] .
The following section describes our computations. Then our results section displays and compare the experimental and theoretical spectra. The results section also includes our predictions on the structure and relative energies of the conformers of these compounds, and data on the nuclear motions associated with each vibrational mode. In the conclusions section, this latter information is discussed with respect to the computed intensity of the modes. [19] method and a 6-311G(2d,2p) basis set. All optimizations were initiated assuming asymmetric structures and then re-optimized in the appropriate point group (if other than C 1 ). Frequency calculations verified that all optimized structures were minima and vibrational zero point energies are incorporated into all relative energies reported here. The Gaussian 03 electronic structure software package [20] was used for all calculations. Fig. (1) displays the optimized structures of CF 3 OCH 3 and CF 3 OCF 2 H as well as structures of the analogous alkanes. The structure of CF 3 OCH 3 is very similar to those optimized by the intensive computations of Good and Francisco [7] ; our results concur with theirs that the molecule has one conformer belonging to the C s point group. The analogous alkane, CF 3 CH 3 , belongs to the C 3v point group.
COMPUTATIONAL METHODS

RESULTS
Optimizations found CF 3 OCF 2 H to exist in two stable conformers, as displayed in Fig. (1) Conformer #2 is the more stable, with a relative energy of -1.02 kcal/mol compared to conformer #1. Neither structure has elements of symmetry and consequently both belong to the C 1 point group. Both conformers are distorted from C s symmetry by rotations of the terminal methyl groups. Conformer 1, for example, exhibits a FCOC dihedral of 165.0 degrees for a -CF 3 fluorine which would be expected to have a FCOC dihedral of 180 in C s symmetry. Likewise, the hydrogen attached to the -CF 2 H group has an HCOC dihedral angle of 167.0 degrees instead of the idealized value of 180 required for C s symmetry. The calculations find one conformer of CF 3 CF 2 H, belonging to the C s point group.
Optimized structures of CF 3 OCF 2 CF 2 H and its analogous alkane appear in Fig. (2) . Computations find two conformers of CF 3 OCF 2 CF 2 H; conformer 1 is characterized by deformation of the ideally planar carbon-oxygen backbone (with COCC dihedral angle of -164.6), rotation of the -CF 3 group directly attached to the O, and a -CF 2 H terminal hydrogen in the gauche position. On the terminal -CF 3 , a FCOC dihedral is approximately 160 degrees, as opposed to the idealized value of 180 degrees. Conformer #2 has a relative energy of -0.016 kcal/mol relative to conformer #1. The primary difference between this conformer and conformer #1 is placement of the hydrogen in the terminal -CF 2 H group in an anti position as opposed to a gauche one. There is a similar distortion of the C-OCC backbone (dihedral angle 164.0) and the -CF 3 group exhibits a rotation similar to the rotation found in conformer #1,with a FCOC dihedral angle of approximately 160 degrees.
Calculations likewise find two conformers for CF 3 CF 2 CF 2 H. Conformer #1, with anti placement of the hydrogen, is the more stable. Conformer #2 exhibits gauche placement of the hydrogen and has an energy of 0.020 kcal/mol relative to conformer #1. There is a slight rotation of the terminal -CF 3 group as indicated by the dihedral angles presented in Fig. (2) . Tables 1-6 display the vibrational data for CF 3 OCH 3 , CF 3 CH 3 , CF 3 OCF 2 H, CF 3 CF 2 H, CF 3 OCF 2 CF 2 H, and CF 3 CF 2 CF 2 H. Examination of the data reveals that each ether has 3 more vibrational modes than the corresponding alkane, as you would expect given the 3N-6 rule for the number of vibrational modes of a nonlinear molecule. The brightest or most intense modes in the ether are more intense that the brightest modes of the corresponding alkane; the computations support the conclusion that the integrated IR spectra of fluorinated ethers are more intense than those of analogous alkanes.
Figs. (3, 4 and 5) present experimental spectra for fluorinated alkanes and analogous ethers. Computed IR spectra are superimposed on the experimental spectra for comparison. In general, the computations predict peaks at or near the wavenumber at which experimental peaks appear, and qualitatively reproduce the relative heights, or intensities, of the peaks. It has been generally observed that vibrational frequencies obtained by computational approaches require scaling to match experiment [21] ; this scaling is typically accomplished by multiplication of frequencies by a factor which differs according to method and basis set but is generally slightly less than 1. In this case, however, scaling would clearly have a detrimental effect on the agreement of theory and experiment. Fig. (3) shows spectra of CF 3 CH 3 and CF 3 OCH 3 . In the case of CF 3 CH 3 , the wavenumbers of experimental IR peaks are well matched by computed peaks, and the relative intensities of the calculated modes are in general agreement with experiment. The experimental and computed spectra of CF 3 OCH 3 are also in good agreement. Most experimental absorbances may be assigned to one computed mode, but an experimental peak at 1190 cm -1 may be thought to arise from two modes, modes our computations assign wavenumber frequencies of 1144 and 1177 cm -1 . The spectrum of CF 3 OCF 2 H displays the experimental IR cross sections and calculated spectra for both conformers. Weighting is assigned to the computed absorbances of the conformers by multiplying each by its relative fraction as determined by calculation of the Boltzmann ratio of the conformers at 298 K; i.e., we first compute the ratio of molecules in conformer 1 to conformer 2, N 1 /N 2 , by
where E 1 -E 2 is the energy difference between conformer 1 and 2, k is the Boltzmann constant, and T is 298 K, a temperature value equal or close to the temperature at which experiments were performed [18] . This ratio is then converted into relative fractions. This calculation assigns a fraction of 0.1516 to conformer 1 and 0.8484 to conformer 2.
Computations predict the small experimental peak at 907 cm -1 as arising from a mode in conformer 2, and experiment and calculation both place a group of peaks between 1080 cm -1 and 1450 cm -1 , with contributions from modes from both conformers. The observed peak at 1300 cm -1 seems to correspond to a mode in conformer 2, and a small observed peak at 1380 cm -1 may have contributions from modes in conformer 2 and conformer 1 The large observed peak at 1230 cm -1 may arise from contributions from intense modes in conformer 2 which computations place at 1182 cm -1 and 1231 cm -1 Other experimental peaks at 1124 cm -1 and 1166 cm -1 may be assigned to modes from conformer 2 as illustrated in the figure. Fig. (5) displays the spectra of CF 3 CF 2 CF 2 H and CF 3 OCF 2 CF 2 H. CF 3 CF 2 CF 2 H is predicted to exist as two conformers with conformer 2 the greater in energy by only 0.020 kcal/mol, but while conformer 1 has a mirror plane of symmetry, conformer 2 is chiral, one isomer of an enantiomer pair. Boltzmann ratio calculations of the ratio N 2 /N 1 similar to the one discussed above for CF 3 OCF 2 H must thus include a factor of two, i.e.,
This calculation assigns a fraction of 0.6591 to conformer 2 and 0.3409 to conformer 1. The spectrum of CF 3 CF 2 CF 2 H incorporates weighting for the relative amounts of the conformers and shows clear correspondence between observed peaks and computed modes in many instances, and observed peaks that cannot be attributed to one unique computed mode may be explained as arising from contributions from 2 or more modes.
The molecule CF 3 OCF 2 CF 2 H is predicted in this work to exist as two conformers, with conformer 1 the greater in energy by only 0.016 kcal/mol. As both conformers are chiral, the computation of fractions follows as it did for CF 3 OCF 2 H, the ratio N 1 /N 2 is
and the resulting fractions are 0.4932 for conformer 1 and 0.5068 for conformer 2. Fig. (5) shows the IR spectrum with calculated peaks weighted for the contributions of the conformers. Small experimental absorbances in the range 700-900 cm -1 may be assigned to modes in either conformer 1 or conformer 2. The observed peak at 1329 cm -1 appears to arise from a mode in conformer 1, the experimental absorbance at 1275 cm -1 may be attributed to a mode in conformer 2, and the largest peak at 1241 cm -1 may be interpreted as arising from absorptions by modes in both conformers.
The relative IR intensities of vibrational modes are frequently discussed in terms of the change in the dipole moment of the molecule induced by the vibrational motion Fig. (6) . Arrow projections of the three brightest vibrational modes of CF 3 OCH 3 and both conformers of CF 3 OCF 2 H. [22] . The larger the change in the dipole caused by a vibrational motion, the more intense the IR peak corresponding to that mode is expected to be. In the case of the ethers studied in this work, the most intense vibrational modes are uniformly associated with motions which serve to distort carbon-oxygen bonds within the ether, making the bonds alternately longer and shorter as the mode oscillates. 
CONCLUSION
Computations have determined the gas-phase IR spectra of several fluorinated ethers and their analogous alkanes, and these spectra have been compared to experimental measurements. The theoretical spectra reproduce the essential features of each of the measured absorption spectra. The good agreement between experiment and theory, both in terms of wavenumber location and relative intensities of peaks, suggests that the B3LYP/6-311G(2d,2p) calculations correctly describe the motions of each molecule associated with each vibrational mode. Examination of the vibrational modes and the corresponding nuclear motions clearly indicates that the IR spectrum of each fluorinated ether studied has very intense peaks arising from modes involving distortion of carbon-oxygen bonds. The spectrum of each ether has more peaks, and brighter peaks, than that of its analogous alkane. This result may be true for a comparison of any fluorinated ether and its alkane.
While this study clearly shows that any given atmospheric concentration of fluorinated ethers would contribute more to global warming than the corresponding alkane. This study does not address other relevant issues such as the reactivity, fate, and relative atmospheric lifetimes of fluorinated ethers and alkanes, which must be considered for evaluation of the global warming impact of these compounds.
